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Chronic adversity in early childhood is associated with increased anxiety and a propensity for
substance abuse later in adulthood, yet the effects of early life stress (ELS) on brain development
remain poorly understood. The zebrafish, Danio rerio, is a powerful model for studying
neurodevelopment and stress. Here, we describe a zebrafish model of ELS and identify a role for
glucocorticoid signaling during a critical window in development that leads to long-term changes

in brain function. Larval fish subjected to chronic stress in early development exhibited increased
anxiety-like behavior and elevated glucocorticoid levels later in life. Increased stress-like behavior was
only observed when fish were subjected to ELS within a precise time window in early development,
revealing a temporal critical window of sensitivity. Moreover, enhanced anxiety-like behavior only
emerges after two months post-ELS, revealing a developmentally specified delay in the effects of ELS.
ELS leads to increased levels of baseline cortisol, and resulted in a dysregulation of cortisol receptors’
mRNA expression, suggesting long-term effects on cortisol signaling. Together, these findings reveal
a ‘critical window’ for ELS to affect developmental reprogramming of the glucocorticoid receptor
pathway, resulting in chronic elevated stress.

Development and function of the vertebrate brain are influenced by environmental cues and experience in early
life", yet our understanding of how such environmental cues in specific developmental time windows influ-
ences brain development is limited. Chronic stress in early life has robust and long-lasting effects on health and
physiology that persist into adulthood®=, yet how early life stress (ELS) impacts the developing brain to cause
aberrant behaviors in later life remains poorly understood. In mammals, ELS has been shown to cause epigenetic
and expression differences in several stress-related genes®!?, and can lead to impaired neuronal proliferation
and morphology''~!%. These changes impact the function of several brain regions including the hippocampus,
amygdala, and hypothalamus, suggesting ELS impacts brain function throughout development”®'”'%. Though
its effects are well accepted, a mechanistic understanding of how ELS impairs brain function requires identifying
the neuronal changes induced by specific stressors and assessing their impact brain-wide across development.

The zebrafish, Danio rerio, is a powerful model for studying how brain development is impacted by stress'*-2!.
Both behavioral and physiological responses to stress are highly conserved among fish and mammals®>*. Behav-
iorally, both adult and larval zebrafish exhibit stereotyped responses following presentation of an aversive or unfa-
miliar cue including prolonged freezing, reduced exploration, thigmotaxis, and erratic swimming®-%¢. Moreover,
several assays have been described and standardized for examining stress in both adults and larvae®*?’-*. In
addition to behavioral reactions to aversive stimuli, fish also display robust physiological responses to stress.
Following the presentation of a stressful stimulus, the hypothalamic-pituitary-interrenal (HPI) axis, analogous
to the mammalian hypothalamic-pituitary—adrenal (HPA) axis, induces a cascade of events that culminate in the
production and release of cortisol*>*°-*2 Like mammals, cortisol then binds to glucocorticoid (GR) and miner-
alocorticoid receptors (MR) in the brain®*’. Manipulation of glucocorticoids in early development has also been
shown to alter hatching times and swimming properties in the zebrafish model*’. Combining this fish model of
stress with approaches to examine brain development and function has the potential to unravel the mechanistic
basis for the effects of ELS on brain development and function.
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Figure 1. ELS results in exacerbated stress responses in adulthood. (A) Timeline of ELS and behavior
experiments and illustrations of the ELS setup and novel tank test. (B) Representative swim trajectories of an
individual control and ELS fish revealing that while control fish explored most of the tank, ELS fish swam more
at the bottom of the tank. (C) Percentage of time spent in the top zone each minute throughout the 10-min
recording. Over time, control animals gradually explored the top zone more frequently than ELS animals. (D)
Compared to controls (n=25), ELS adults (n=27) spent less time exploring the top (Unpaired t test, p=0.0003),
and more time exploring the bottom (Unpaired t test, p=0.0038) and middle (Unpaired t test, p=0.018) zones.
(E) Distances travelled were not different between controls (n=25) and ELS (n=27) animals (Unpaired t test,
p=0.46). Error bars show + standard error of the mean. Asterisks denote statistical significance (*p=0.05,
**p=0.005). ns denotes no significance.

In this study we induce ELS by applying unpredictable mild electric stimuli at different developmental time
points to zebrafish larvae, and measure stress behavior later in juvenile stages. Similar to mammals, ELS in
zebrafish at early time points, but not late stages, leads to increased stress behaviors and elevated cortisol levels
in later life. Pharmacological analysis of neuroendocrine signaling suggests that ELS disrupts development of
cortisol receptors in the brain. Together, these data demonstrate that the effects of ELS are conserved from tel-
eosts to mammals, and point to the zebrafish as a powerful genetic system for studying how ELS impacts brain
development, physiology, and function.

Results
Zebrafish subjected to ELS have increased anxiety-like behaviors as juveniles. To determine
the long-term consequences of chronic stress in early development on zebrafish, wild-type (AB)** larvae were
subjected to random pulses of a mild electric current (25 V, 200 ms duration, 1 pulse per second) from 2 to 6 days
post fertilization (dpf). This stimulus intensity was chosen as it was the minimum voltage required that caused
more than 80% of 2 dpf larvae to react to shock. Moreover, we have previously shown this shock intensity causes
a robust stress response in larval zebrafish?®. Control siblings were handled similarly but were not subjected to
electric shock. At 6 dpf, following cessation of the ELS protocol, all groups of larvae were transferred to a recir-
culating system in the main aquatics facility (Fig. 1A). The delivery of shock was random, and thus larvae were
not able to predict stimulus onset (Fig. SIA). Video inspection revealed that larvae react to the electric shocks
throughout the 5 day period (data not shown). We tested for behavioral differences to stress at larval (7 dpf) and
juvenile (60 dpf) stages to determine whether this protocol has a lasting impact on stress response (Fig. 1A).
Qualitative examination of swim bladder and locomotor behavior under a light microscope revealed that both
control and ELS fish appeared healthy immediately following ELS at 7 dpf and after testing behavior at 60 dpf
with no gross morphological abnormalities, and swimming in these animals was unaffected (Fig. S1B).

To determine if ELS leads to immediate changes in stress behavior, we quantified the differences in the
behavioral response to stress between ELS and control animals at 7 dpf, one-day following cessation of shock
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(Fig. S1C). Exposure to mild electric shock causes freezing and reduced locomotion in zebrafish larvae, and the
change in freezing and locomotion pre- and post-shock is a reliable measure of stress levels?®. Control animals
not subjected to shock in early life displayed significant freezing post-stimulation, revealing a stereotyped stress
response in this group at 7 dpf. Unexpectedly, no significant differences in freezing pre- and post-stimulation at
7 dpf were observed in ELS groups (Fig. S1D). As freezing is an indicator of stress, these data suggest that ELS
initially causes a reduction in stress responses in larval stages, potentially due to initial habituation. Freezing
times in this assay were variable, however, and in some cases pre-freezing durations were high. Together, these
data suggest that the behavioral effects of ELS may not be immediate, and may emerge only after developmental
changes to the brain.

ELS in mammals has been shown to alter stress later in adult stages. To examine whether the effects of ELS
are conserved across vertebrates, we measured stress responses in 60 dpf juveniles that were previously subjected
to ELS. We tested fish in the novel tank test, which is widely used to quantify innate stress behaviors in juvenile
and adult fish (Fig. 1A)?>%. When introduced into a novel tank, wild-type zebrafish initially prefer the bottom
part of the tank, yet over time, they begin to explore the top part with higher frequency; the amount of time
spent in the bottom portion of the tank has been validated as a behavioral indicator of stress*>?**°. At 60 dpf,
control animals initially prefer the bottom zone of the novel tank, but by 4-min, they navigate all zones with high
frequency (Fig. 1B,C). By contrast, adults previously subjected to ELS spent little time in top zone throughout
the 10-min recording period (Fig. 1B,C). Quantifying total duration spent in all zones revealed that ELS animals
spent significantly more time in the bottom zone of the tank over the 10-min recording period, and less time
exploring the top zone compared to controls that were not exposed to ELS (Fig. 1D). Analysis of total distance
moved and total duration immobile revealed no significant differences between control and ELS siblings (Fig. 1E
& Fig. S1E), indicating that bottom dwelling durations were independent of locomotion or lethargy. These data
suggest that ELS exposure during early development increases stress behavior in juvenile fish.

Increased stress responses are accompanied by increases in basal cortisol levels and expres-
sion of stress-related pathway genes. A hallmark of ELS in mammals is prolonged or increased cir-
culating cortisol in the plasma, which correlates with exacerbated stress responses®**~*°. We next asked if ELS
resulted in changes in the zebrafish neuroendocrine HPI axis. In fish, environmental stressors activate a highly
conserved cascade of events from the brain to peripheral tissue to produce and release cortisol (Fig. 2A). To
determine whether ELS induced alterations in cortisol and other molecules in the HPT axis, we subjected lar-
vae to random shock from 2 to 6 dpf, raised animals to 60 dpf, and measured both baseline and stress-induced
whole-body cortisol levels after being challenged in the novel tank test (Fig. 2B). Compared to controls, basal
levels of cortisol were significantly increased in ELS animals (Fig. 2C). By contrast, no differences were observed
between ELS and control animals after the novel tank test (Fig. 2C). In both ELS and control siblings, cortisol
levels increased significantly following testing in the novel tank test (Fig. 2C), suggesting that both groups have
an intact physiological response to stress. These data demonstrate that ELS leads to chronically elevated cortisol
production.

To further examine how ELS impacts the physiological response to stress, we measured mRNA transcript
abundance of several genes in the HPI pathway. Environmental stressors activate corticotropic releasing hormone
(crh) neurons in the hypothalamus®. CRH then signals indirectly to the interrenal gland to synthesize and release
cortisol, which activates mineralocorticoid (mr) and glucocorticoid receptors (gr) in the brain (Fig. 2A)*!. To
test whether ELS altered the abundance of transcripts in the HPI pathway, larvae were subjected to chronic stress
from 2 to 6 dpf, and then at either 7 or 60 dpf, brains were dissected, and transcript abundance was measured for
crhb, nr3cl (glucocorticoid receptor; gr), and nr3c2 (mineralocorticoid receptor; mr) using quantitative real-time
polymerase chain reaction (QRT-PCR; Fig. 2A,B). Quantitative gene expression analysis revealed elevated levels
of gr in ELS-treated animals compared to control siblings at 7 dpf (Fig. 2D), and its expression levels remained
significantly higher than controls at 60 dpf (Fig. 2E). Furthermore, at 60 dpf, expression levels of mr were also
elevated in ELS animals (Fig. 2E). By contrast, no significant differences were found for the relative expression of
crhb (Fig. 2D,E) suggesting that its broad expression in stress-related regions such as the ventral hypothalamus
and preoptic area of the hypothalamus, remains unchanged. Therefore, ELS results in lasting changes in the HPI
axis at the transcriptional and physiological levels.

Enhanced stress following pharmacological activation of the cortisol pathway. In mammals,
increased glucocorticoid signaling is strongly correlated with enhanced stress response later in life, yet whether
increased glucocorticoids are sufficient to cause enhanced stress in adult stages is unclear. The small size and
ex utero development of zebrafish has made this system a powerful model for screening of pharmacological
compounds**~*. To test whether elevated glucocorticoid signaling alone is sufficient to induce long-term changes
in stress responses, we pharmacologically activated glucocorticoid signaling between 2 and 6 dpf, and measured
whether this was sufficient to cause increased anxiety later in juvenile fish. Glucocorticoids were provided in a
continuous flow system and boluses of drug were delivered to larvae randomly using the same protocol we used
for delivering electric shock in early life (Fig. 3A).

Juvenile animals dosed with the synthetic glucocorticoid that binds to both MR and GR hydrocortisone
21-hemisuccinate (Cort) in early life spent increased time in the bottom and less time in the top of the novel tank
compared to undosed sibling controls (Fig. 3B,C). Likewise, we observed an increase in basal levels of cortisol in
Cort-treated animals compared to controls (Fig. 3D). Locomotor activity was reduced in Cort-treated animals
(Fig. S3A), but this is unlikely to be attributed to a general loss of coordination because the total time spent
immobile did not differ from control siblings (Fig. S3B). Taken together, these findings reveal that pharmacologi-
cal activation of the MR/GR pathways phenocopy shock-induced ELS.
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Figure 2. HPI axis is impacted in ELS. (A) The HPI axis, the main stress pathway, and its main genes and
effectors. Brain of zebrafish is shown in the red bounding box. Within, the hypothalamus (in blue) and the
anterior pituitary (in yellow) is shown. During stress, the hypothalamus signals to the anterior pituitary via
CRH, and the anterior pituitary signals to the interrenal gland (shaded in red within the head kidney enclosed in
the green bounding box) via ACTH. Cortisol is released from the interrenal gland and binds to GR and MR to
negatively regulate its release. (B) Timeline of ELS and experiments performed. (C) Basal cortisol levels (-) were
increased in ELS animals (n=23) compared to controls (n=25) (One-way ANOVA followed by Sidak’s multiple
comparisons post-hoc test, p=0.044). Elevated cortisol in response to stress (+), after the novel tank test, remain
intact in control (n=25, One-way ANOVA followed by Sidak’s multiple comparisons posthoc test, p=0.00040)
and ELS adults (n=24, One-way ANOVA followed by Sidak’s multiple comparisons post-hoc test, p=0.034).
Cortisol levels after stress were no different between controls and ELS animals (One-way ANOVA followed by
Sidak’s multiple comparisons post-hoc test, p=0.54). (D) Quantitative real-time PCR of 7 dpf control (n=9) and
ELS (n=8) larvae revealed increased gene expression levels of gr in ELS animals (Unpaired t test, gr: p=0.018).
No significant differences were found in expression levels of crhb and mr (Unpaired t test, crhb: p=0.31, mr:
p=0.74). (E) At 60 dpf, gene expression levels of gr and mr were increased in brains of ELS animals (Unpaired

t test, gr: p=0.0064, mr: p=0.0023), and no difference in crhb expression levels (Unpaired t test, p=0.73) were
observed, compared to controls. N=9 per group. Error bars show + standard error of the mean. Asterisks denote
statistical significance (*p=0.05, **p=0.005, ***p=0.0005). ns denotes no significance.

We next asked if overactivation of GR alone was sufficient to phenocopy ELS through the application of dexa-
methasone (Dex), a selective glucocorticoid agonist*>*’. Dex-treated animals spent more time in the bottom of
the novel tank and less time in the top and middle zones compared to control animals (Fig. 3E,F). Interestingly,
basal cortisol levels were not significantly different between Dex-treated and control animals (Fig. 3G), suggest-

ing cortisol levels may be separable from the stress response.

Distance travelled and duration of immobility did not differ between control DMSO- and Dex- treated ani-
mals (Fig. S3C,D). Taken together, these data suggest that ELS alters brain development through dysregulation

of GR signaling.
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Figure 3. Treatment with corticosteroid receptor agonists in early life induces adulthood anxiety. (A) Timeline of
drug-treated ELS and experiments conducted. A schematic diagram of the setup is presented below the timeline. (B)
Representative swim paths of 60 dpf controls (DMSO) and hydrocortisone 21-hemisuccinate- (Cort) treated animals.
Drug-treated individuals tend to spend more time at the bottom of the tank. (C) Total duration spent in the bottom
zone of the novel tank was significantly increased in Cort animals (Unpaired t test, p=0.0001), and decreased in the
top (Unpaired t test, p=0.0026) and middle (Unpaired t test, p=0.0002) zones, compared to control DMSO. N=17
per group. (D) Basal cortisol levels were significantly higher in Cort animals than control DMSO siblings (n=6 per
group, Unpaired t test, p=0.038). (E) Representative swim paths of 60 dpf controls (DMSO) and dexamethasone-
(Dex) treated animals. Drugtreated individuals tend to spend more time at the bottom of the tank. (F) Quantification
of durations spent in top, middle, and bottom zones of the novel tank test revealed that Dex animals spent more time
in the bottom zones (Unpaired t test, p=0.025), and less time in the top (p=0.035) than control DMSO animals yet
no difference was observed in time spent in the middle (Unpaired t test, p=0.11). DMSO: n=38; Dex: n=40. (G)
Measurements of basal cortisol levels were no different between Dex and DMSO animals (n=3 per group, Unpaired
t test, p=0.77). Error bars show + standard error of the mean. Asterisks denote statistical significance (*p=0.05,
**p=0.005, **p=0.0005). ns denotes no significance.
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Figure 4. Chronic stress in a time window between 4 and 6 dpf is critical to impact behavior later in life. (A)
Timeline of ELS paradigm and novel tank test. Different groups of larvae were subjected to ELS at different
ages. In group (a) (red box), larvae were placed in ELS paradigm at 2-6, 12-16, or 22-26 dpf, alongside same
aged and unshocked controls. In group (b) (blue box), larvae were placed in the paradigm at 2-6, 2-4, or 4-6
dpf, while control siblings remained alongside in the incubator throughout the 5 days. (B) Quantification of
duration spent in the bottom zone of the novel tank test at 60 dpf suggest that only chronic stress during the
2-6 dpf period caused increased bottomdwelling behavior, and not at later times. Multiple unpaired t-tests were
performed between control and ELS siblings at three time windows. Control vs. ELS 2-6 dpf : p=0.014; Control
vs. ELS 12-16 dpf: p=0.081; Control vs. ELS 22-26 dpf : p=0.0066. (C) Quantification of durations spent in
the bottom zone of the novel tank suggest that stress between 4 and 6 dpf may be sufficient to cause increased
bottom-dwelling behavior later in life. Statistical analysis done using multiple unpaired t-tests were performed
between control and ELS siblings at three time windows. Control vs. ELS 2-6 dpf: p=0.0026; Control vs. ELS
2-4 dpf: p=0.31; Control vs. ELS 4-6 dpf: p=0.07. Controls: n=11; ELS 2-6 dpf: n=10; ELS 2-4 dpf: n=12;
ELS 4-6 dpf: n=11. Error bars show + standard error of the mean. Asterisks denote statistical significance
(***p=0.0005, **p=0.005, *p=0.05).

A critical window for increased anxiety following ELS associates with HPI develop-
ment. Chronic stress in mammals and birds during specified time windows has lasting effects on brain
development and function, yet whether this extends to other vertebrates is poorly understood”*". To identify
whether ELS impacts later stress response through a developmentally sensitive time window, wild-type animals
were subjected to the same ELS paradigm described above at varying time periods throughout development
(Fig. 4A). Fish were subjected to ELS for a 5-day period in the first, second or third week of life (i.e., from 2
to 6 dpf, 12-16 dpf, or 22-26 dpf) and the effects on stress behavior were measured at 60 dpf (Fig. 4A (a), red
box). Whereas chronic stress from 2 to 6 dpf resulted in enhanced bottom dwelling at 60 dpf, increased bottom-
dwelling behavior was not observed when fish were subjected to the ELS paradigm at either 12-16 dpf or 22-26
dpf (Fig. 4B; Fig. S4A), suggesting wildtype zebrafish are sensitive to ELS in a time window between 2 and 6 days
after fertilization. Interestingly, fish subjected to chronic shocks from 12 to 16 and 22-26 dpf had reduced bot-
tom dwelling, suggesting that shock at these late stages either reduced stress levels*®, or fish habituated to stress
from the shocks.

To define the time window between 2 and 6 dpf when ELS induces long-term effects on stress response, we
subjected larvae to the ELS paradigm described above from 2 to 6 dpf, or from a more restricted 2-4 or 4-6 dpf
time window. Fish were then raised to 60 dpf and tested in the bottom dwelling assay (Fig. 4A (b), blue box).
Consistent with previous data, larvae subjected to chronic stress from 2 to 6 dpf showed significant increases in
the total time spent in the bottom of the tank when tested at 60 dpf (Fig. 4C). By contrast, no significant effects
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were observed in zebrafish subjected to shock from 2 to 4 dpf (Fig. 4C). Instead, larvae subjected to chronic
shock from 4 to 6 dpf showed a trend towards increased bottom dwelling behavior when examined at 60 days
(Fig. 4A,C; Fig. S4B, p=0.07). The effect of chronic stress from 4 to 6 days was less pronounced than when fish
were shocked from 2 to 6; thus, while the main effect is likely in the 4-6 dpf time-period, these data cannot rule
out other potentially contributing factors. Together, these data suggest that zebrafish larvae are sensitive to ELS
in a critical window after the neuroendocrine stress axis is functional and zebrafish are synthesizing their own

cortisol, but before brain development is complete®*#*,

Discussion

Our findings demonstrate that zebrafish, like mammals, have augmented stress responses when subjected to
ELS early in development. We also show that the negative effects of ELS act, in part, through chronic activation
of GR, whose expression changes over the course of development®. Notably, enhanced stress following ELS was
not observed in the day following ELS, but rather enhanced stress emerged later, further supporting the notion
that ELS is impacting development of the brain. The critical window for chronic stress is after the time where
the neuroendocrine stress axis is formed®, suggesting that ELS is not acting directly on the development of the
HPI axis, but rather on hormonal signaling to the brain.

In humans, childhood trauma, such as abuse or parental neglect, has potent impacts on adult behavior,
stress responsivity, susceptibility to develop stress-related disorders, and substance abuse issues®'~*. Moreover,
genome-wide association studies have identified components of glucocorticoid-mediated gene regulatory net-
works suggesting ELS may alter the expression of this pathway during brain development. Genetic manipulation
of the glucocorticoid receptor in early life, but not later life, also leads to enhanced stress-related pathologies in
later life, supporting the notion that glucocorticoid receptor signaling in early development is a critical mediator
of ELS***. However, an analysis of how abnormal glucocorticoid signaling alters the development of the brain
has been challenging in mammalian systems. Our findings reveal the molecular basis of ELS is highly conserved
and provide a powerful genetic model for investigating the mechanistic basis of ELS on neurodevelopment.

A new model of ELS. Here, we demonstrate that zebrafish display significantly elevated stress responses
when subjected to chronic stressors in larval stages, similar to what is found in mammals and other studies
examining fish?'#%°6-%0_ This suggests zebrafish may be a unique and powerful complement to mammalian sys-
tems, especially for studying how ELS causes changes to neurodevelopment. Zebrafish have several attributes
that make them an attractive complement to mammalian models in the study of ELS. Originally established as a
model in development, zebrafish fertilization and development are external and fish embryos are transparent®®2,
The transparency not only permits examination of all stages of development, but also highlights the power of the
system in circuit neuroscience®®*. This work sets the stage for using powerful tools, such as whole-brain func-
tional imaging and genetic manipulation of precise neuronal subsets, to study how brain anatomy and function
change over the course of development in response to ELS%-68,

Several paradigms have been developed in zebrafish for challenging fish at larval stages and examining the
consequences in later life®”°. One common approach has been to treat fish chronically with cortisol*"*® or other
glucocorticoid agonists”". Early exposure to these agonists result in changes in locomotion®, enhanced expres-
sion of immunological markers, and increased bottom dwelling in the novel tank assay’"”?, though the effect on
bottom dwelling has been challenged®. Several other assays with more ethological relevance have also been used,
including a restraint paradigm, where fish are affixed to the bottom portion of a 6-well plate from 3 to 9 dpf, a
forced swim assay using a stir bar to induce locomotion from 4 to 8 dpf, and a chronic unpredictable early life
stress (CUELS) assay using several manipulates to light, temperature and density?"***”7"* In these cases, early
life disruptions result in enhanced measures of stress, though behavioral assays used to study stress differ among
studies. Our data are consistent with these findings, and introduce a new paradigm in the field of early life stress.

A significant advantage to studying early life stress in zebrafish is the accessibility to the system at different
developmental time points, and the ability to easily restrict early life disruptions to different time periods and
determine the critical period. Our data reveal that fish are most sensitive to ELS from 4 to 6 days post fertilization.
In mice, the stress hyporesponsive period is from post-natal days 1-10 (P1-10) whereas in rats it is P4-147>75,
The SHRP in fish is not clear, yet one study suggests that fish are able to produce cortisol at 3 dpf, but only to
“life threatening” (i.e., potentially harmful) stimuli, and that fish emerge from their SHRP by 5 dpf*, while other
studies failed to see any changes at 5 dpf”°. Thus, while fish do appear to have a SHRP, the exact timing of the
period is unclear. Our data show that fish are most sensitive to ELS from 4 to 6 days, which coincides with fish
emerging from their SHRP. How this impacts the sensitivity to ELS, or whether chronic unpredictable shocks
represent a potentially harmful stimulus or not is unclear, yet future data examining glucocorticoid responsive-
ness with tools unique to zebrafish” may help to clarify this phenomena. Interestingly, fish subjected to chronic
shocks from 12 to 16 dpf and 22-26 dpf had reduced bottom dwelling relative to controls, suggesting that these
later stage disruptions may lead to less anxiety-like behavior. This is consistent with other reports in zebrafish*>°.
It could be therefore that ELS in this context results in long-term changes and enhanced anxiety-like behavior,
whereas late-stage stressors may lead to stress resilience.

The role of GR in enhanced stress following ELS.  Our data suggest that both ELS and cortisol expo-
sure lead to enhanced levels of baseline cortisol. Interestingly, mimicking ELS with Dex, a potent synthetic GR
agonist resulted in enhanced levels of stress but no differences in cortisol. It is unclear why baseline cortisol
levels were increased when ELS was mimicked with Cort and not Dex, but one possible explanation is that Dex
is a stronger agonist of the GR receptor relative to Cort. Glucocorticoid signaling inhibits crh-neurons in the
hypothalamus, thereby causing a negative feedback loop. Moreover, while zebrafish produce cortisol, Dex is a
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synthetic activator of GR singling, and previous studies in zebrafish have shown that treatment of Dex result in
lower levels of cortisol®®. Therefore, it could be that the strength of Dex, combined with a lack of endogenous
activity and loss of possible compensatory mechanisms, could overpower the neuroendocrine stress axis, and
cause a strong inhibition of its activity.

Several hypotheses exist to explain how enhanced cortisol activation can impair development. A prevailing
model suggests that the effects of ELS emerge through an imbalance in the relative proportion of MR:GR*-#2,
Our data do not support this hypothesis in zebrafish. While the expression of both GR and MR were higher in
ELS-subjected animals, the relative balance, or ratio, was not significantly different (Fig. S2). One explanation
for this result is that there may be functional differences in the response of these receptors, and while the stoi-
chiometry of the expression, or the ratio of their mRNA levels, may not be different®, their function may be. The
glucocorticoid receptor, for example, has several isoforms. The GRa isoform is highly active while the GRp is
inert and can act as an inhibitor of GR signaling®*-*. Alternatively, overactivation of GR alone may impair brain
development. In mammals, chronic activation of GR results in neuronal death, dendritic spine retraction, and
reduced spike frequencies®®2. Moreover, overexpression of GR throughout the life of the rodents, or transient
activation of GR only in early development is sufficient to lead to enhanced anxiety, whereas transient activation
in adult stages has no effect®. Our data thus support a conserved role of dysregulated GR signaling in enhanced
risk, and point to an ancient origin for GR signaling in the brain and its contribution to stress disorders.

Neurodevelopmental implications of ELS in zebrafish. A central strength of the zebrafish in the
study of ELS is the ability to interrogate the effects of stressors at specific developmental time points, and associ-
ate those time points that impact stress to precise developmental processes. This central strength reveals several
findings about ELS. First, our data reveal that long lasting effects of chronic stress emerge only when stressors are
given in early time points. Thus, enhanced stress following ELS is likely not a passive response to elevated stress
but rather ELS likely impedes normal brain development. Moreover, that larvae are particularly sensitive to
stressors from 4 to 6 dpf, and less so at 2-4 dpf, points to specific developmental processes that may be impacted.

The HPI axis begins forming early in development, and expression levels of both GR and MR show significant
fluctuations until approximately 2 dpf; by 49 h post fertilization, expression levels of GR in normal reared animals
are stable. Zebrafish do not begin to produce cortisol in response to exogenous stressors until 4 dpf*°. Because the
HPI axis is functional by 4 dpf, our data suggest that ELS is not impacting the development of the neuroendocrine
stress axis. Moreover, as larvae are particularly sensitive to ELS from 4 to 6 dpf, a time point when animals are
beginning to produce cortisol, it is likely that ELS is leading to overactivation of glucocorticoid signaling, which
in turn impacts brain development. While the critical period of ELS in humans is unclear, human fetuses begin
to produce their own cortisol by eight weeks of gestation®, and previous studies have shown that prenatal infants
are also susceptible to chronic stress experienced by pregnant mothers®*. These data could therefore suggest that
vertebrate animals are susceptible to the impacts of ELS at a time after they produce their own cortisol and no
longer rely on cortisol from maternal load.

Significant changes in brain development also occur during the 4-6 dpf window. In the zebrafish forebrain,
a large neuroanatomical region with loci analogous to the mammalian limbic system, newborn neurons begin
to form by 2 dpf®. By 4 dpf, development of the zebrafish forebrain is complete and neuronal properties such as
spontaneous activity and neurotransmitter identity are beginning to develop®. Significant change in neuronal
activity also occur in these early time points. Spontaneous activity in the zebrafish brain is observed beginning
from 2 dpf through adulthood, yet significant changes emerge over developmental time. In the tectum, sponta-
neous activity is random and disorganized at 2 dpf, yet by 8 dpf, the circuit is functional mature, and clusters of
functionally relevant neurons fire in unison®”®. These data support the notion that development and function
of the neuroendocrine stress axis are impacted by ELS. Future studies utilizing transgenic and neuroimaging
techniques on this model of ELS will reveal how specific changes in brain development and maturation of neu-
ronal activity following ELS lead to enhanced stress responses in later life.

Conclusions

Our data introduce a new model in the field of early life stress, and uncover several principles about how ELS may
impact the developing brain. The zebrafish is a strong model in developmental biology and neuroscience, and
thus the unique combined strengths of this model provide unprecedented insight into how the brain responds to
stress in these early time periods. Zebrafish exhibit stereotyped and well-studied stress responses and there are a
number of assays available to examine stress in fish. Moreover, the high conservation at the neuronal and physi-
ological levels between fish and humans suggest that findings in zebrafish will translate well to the mammalian
system, and should complement mammalian work. Furthermore, the large collection of mutant and transgenic
lines available in zebrafish, optical approaches for monitoring brain development in vivo, computational tools
such as the recently developed brain atlases, and whole-brain functional imaging all coalesce and provide a single
model that uniquely bridges development and neuroscience.

Material and methods

Ethics statement. All experiments in this study conformed to and were approved by the Institutional Ani-
mal Care and Usage Committee at Florida Atlantic University, protocol number A17-22, and were in accordance
with ARRIVE guidelines (http://arriveguidelines.org)®”. All methods were performed in accordance with the
relevant guidelines and regulations set forth by the National Institutes of Health and the guidelines for animal
research at Florida Atlantic University.
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Animal care. Wild-type AB* zebrafish were used in all experiments in this study. Adults were kept in 1.8-
10 L tanks on a recirculating aquatics system (Aquaneering). The water temperature was maintained at 28 +1 °C,
and the light cycle was set to a 14:10 light:dark cycle. In order to breed larvae, 4-6 adult breeder fish (half
males and half females) were placed in a mating tank (1L, ZHCT100, Aquaneering), together with some plastic
plants, and allowed to spawn naturally overnight. The morning after spawning, eggs were collected, placed in
100 x 15 mm Petri dishes (Fisherbrand, Fisher Scientific Inc.), and housed in an incubator (Heratherm IMC18,
Thermo Scientific) set at 28 + 1 °C. Fish subjected to ELS, as well as their control siblings, were housed on the
same re-circulating system, in dedicated tanks containing 500 mL of 5 ppt salt water, co-cultured with L-type
rotifers from 6 to 15 dpf and fed with GEMMA Micro 75 (Skretting Zebrafish) daily. At 15 dpf, the valve was
opened to allow system water to flow at a slow rate into the tanks, rotifers were washed out, and fish transitioned
to be fed Artemia (brine shrimp) and GEMMA Micro 150 (Skretting Zebrafish). Fish older than 30 dpf were
fed GEMMA Micro 300 (Skretting Zebrafish) daily. Experiments were carried out between 11 a.m. and 6 p.m.,
and according to a protocol (A17-22) approved by the Institutional Animal Care and Use Committee of Florida
Atlantic University.

ELS paradigm. Early life stress was induced in zebrafish larvae using a custom written computer program
(MATLAB R2019a, MathWorks). This script controlled a square pulse stimulator (SD9 Grass Stimulator, Grass
Technologies Inc) interfaced through a microcontroller board (Arduino Uno R3, Arduino) to randomly deliver
electric current to fish from 2 to 6 dpf. Groups of thirty to fifty 2 dpf larvae were placed in 40 um cell strainers
(Corning Inc.) placed in 100 x 15 mm Petri dishes (Fisherbrand, Fisher Scientific Inc.) filled with fresh system
water. A dish containing control larvae, which were not subjected to ELS, as well as a dish containing larvae that
were subjected to ELS were placed in an incubator at 28 °C on a 14:10 light:dark cycle. A pair of electrodes con-
nected to the square pulse stimulator was placed on opposite ends of the dish containing larvae to be subjected
to ELS. The stimulator was controlled by a microcontroller board (Arduino Uno R3, Arduino), which was con-
nected to a computer (Inspiron 15 3000 series, Dell). The custom written program was designed to evaluate a
random number between 0 and 1 every ten minutes. In cases where the random number was greater than or
equal to 0.5, 5-electric pulses were delivered (25 V, 1 Hz, 200 ms pulse duration), effectively delivering shocks
50% of the time; by contrast, if the random number was less than 0.5, no stimulation was provided. The net effect
of this program was random stimulation so that fish were not able to predict. Fish were subjected to this protocol
from 2 to 6 dpf. At the end of the 6 dpf, fish were removed from the incubator, and placed on the recirculating
system where they were raised to 60 dpf. For critical time windows experiments, fish at 2 dpf, 12 dpf, and 22 dpf
were subjected to the ELS paradigm as described above for five days, except that for 12 and 22 dpf fish, twenty
juveniles were placed in glass Pyrex bowls (470 mL, Pyrex) and co-cultured with L-type rotifers and fed with
GEMMA Micro 75 (Skretting Zebrafish) from 12 to 16 dpf, and GEMMA Micro 150 (Skretting Zebrafish) from
22 to 26 dpf.

Pharmacological induction of ELS. ELS was induced pharmacologically using a modification of the ELS
paradigm described above. Thirty 2 dpf larvae were placed in 40 um cell strainers (Corning Inc.) housed in in
petri dishes (50 x 15 mm, Fisherbrand, Fisher Scientific Inc.). Petri dishes were placed in an enclosed space, and
were connected to a flowthrough, temperature-controlled water delivery system, consisting of a peristaltic pump
(EW-78001-60, Cole-Parmer), which delivered fresh system water at a rate of 30 uL/s, a pair of heating/cooling
cubes (ALA Scientific Instruments) that maintained water temperature at 28+ 1 °C, and a vacuum pump (ALA
Scientific Instruments), which maintained water volume of 12+1 mL in the dishes. Using the same computer
program and microcontroller board previously described, two solenoid valves connected to dosing syringes were
programmed to deliver either 1.5 mL of 0.1 mM dexamethasone (PHR1526, Sigma-Aldrich), 25 uM hydrocor-
tisone 21-hemisuccinate (H4881, Sigma-Aldrich), or control 1% dimethyl sulphoxide (D8418, Sigma-Aldrich)
into each petri dish. The treatments were delivered at 50% chance at every 10 min interval. Similarly, at the end
of 6 dpf, the larvae were placed back into the facility and raised to 60 dpf.

Larval shock assay. At 7 dpf, a day after the ELS paradigm, the shock assay was performed as previously
described? to analyze stress behavior. Briefly, a single larva was placed in a 40 um cell strainer (Corning Inc.)
that was on a 3 cm raised platform in a 6 x 6 x 6 cm (L x W x D) container. On opposite sides, two electrodes were
connected to a stimulator (SD9 Grass Stimulator, Grass Technologies Inc.). The bottom of the container was
illuminated by infrared Light Emitting Diodes (LED; 880 nm) and a white acrylic board that acted as a diffuser.
Overhead, a high framerate cMOS camera (Grasshopper3, PointGrey, FLIR Integrated Imaging Systems, Inc.)
captured larval behavior at 120 fps for 2 min and 5 sec—a minute of normal swimming behavior, followed by
five seconds of electric shock at 1 pulse-per-second at 25 V, and then a minute post-shock. Records of each trial
were captured using FlyCap2 Software (version 2.11, PointGrey, FLIR Integrated Imaging Systems, Inc.; https://
www.{lir.com/support-center/iis/machine-vision/downloads/spinnaker-sdk-flycapture-and-firmware-downl
oad/). Tracking of individuals were done offline in EthoVision XT (v13, Noldus), and each frame was inspected
manually for inaccurate tracking, which were fixed in Ethovision. Raw XY coordinates were exported and a
custom-written script in MATLAB (R2019a, MathWorks) was used to analyze ‘freezing’ behavior. Freezing was
determined as immobility for more than 1.99 secs, as previously described?. Larvae used for this behavioral
assay were euthanized and not used in adult tests and analyses.

Novel tank test. 60 dpf (+3 days) control and experimental adults were transported in their home tanks
from the fish facility to the behavior room and acclimated for an hour before the behavior test. An adult was first
subjected to a stressor of being removed out of water for 3 min with a net. Then, the individual was allowed to
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recover briefly for 10 min in a 250 mL beaker filled with 200 mL fresh system water. Following the rest period,
the individual was gently poured into a 1.8L novel tank (ZT180, Aquaneering) positioned with custom designed
infrared Light Emitting Diodes lights (LED; 880 nm) in the background, and recorded for 10-min in front of a
high-frame-rate cMOS camera (Grasshopper3, PointGrey, FLIR Integrated Imaging Systems, Inc.). Records of
each trial were captured using FlyCap2 Software (version 2.11, PointGrey, FLIR Integrated Imaging Systems,
Inc.; https://www.flir.com/support-center/iis/machine-vision/downloads/spinnaker-sdk-flycapture-and-firmw
are-download/). Tracking of individuals and analyses of durations spent in zones were done offline in EthoVi-
sion XT (v13, Noldus), and each frame was inspected manually for inaccurate tracking. The height of the water
level was divided equally into three zones to analyze the durations spent in each zone. Durations spent in each
zone, distance travelled, duration of immobility, and XY coordinates were obtained from the software. From XY
coordinates obtained, swim trajectories were plotted using matplotlib in Python (v3.7).

Cortisol measurements. To obtain basal cortisol, 60 dpf adults were flash frozen in individual 1.5 mL
Eppendorf tubes. Post-stress cortisol was obtained from adults immediately after the novel tank test. Frozen
samples were kept at —20 °C for up to a month before cortisol extractions. Whole adult fish were weighed,
then homogenized, and cortisol was extracted following Cachat et al.* with minor modifications. Briefly, each
individual was homogenized in 500 uL phosphate buffered saline (PBS). Then, another 500 uL PBS was added
before decanting the sample into a glass scintillation vial. To extract cortisol, 2 mL diethyl ether (E134, Fisher
Scientific) was added to the homogenate. Next, the samples were vortexed and then centrifuged. Subsequently,
the organic diethyl ether layer containing cortisol was extracted into a new glass vial. The extraction steps were
performed three times. After evaporation of the organic layer, 1 mL PBS was added, and the sample was kept
at 4 °C overnight. The ELISA assay (#1-3002, Salivary Cortisol ELISA Kit, Salimetrics, LLC) measuring the
amounts of cortisol was performed the following day. A standard dilution curve was made with standards pro-
vided. Total cortisol was normalized to body weight. Then, to account for daily variations in extractions and
variations in Kits, cortisol levels were normalized again to the mean control basal cortisol levels for each day
using the following formula:

(Cort - CEtcT&l)
Total Cortisol = ~———o——2%
Cort cntrl

where Cort represents total baseline cortisol levels, and Cort ., indicates the average cortisol levels measured
for each day.

Quantitative gene expression analysis of HPI axis genes. For gene expression analysis at 60 dpf,
brains were dissected and immediately snap frozen in liquid nitrogen. Three brains were pooled together for
each biological replicate, and were kept in —80 °C for RNA extraction the following day. RNA was extracted
using TRIzol (Thermo Fisher Scientific) and the RNeasy mini kit (QIAGEN). Genomic DNA was removed by
DNase treatment (RNase-free DNase set, QITAGEN). 1000 pg of RNA was reverse transcribed into cDNA (iScript
cDNA Synthesis Kit, Bio-Rad), and the subsequent cDNA was diluted to a concentration of 50 ng/uL to use for
quantitative real-time PCR (CFX96 Touch Real-Time PCR Detection System, Bio-Rad). For gene expression
analysis at 7 dpf, groups of twenty larvae were used for each biological replicate. Target gene expression levels
were normalized to actin beta-1 and tubulin alpha-1c. Refer to Table S1 for primer sequences.

Quantification and statistical analysis. Statistical analyses were performed using Prism 8 (v8.0.2,
GraphPad Software; http://www.graphpad.com). Parametric tests were used unless the data failed the Shap-
iro-Wilk normality test, then non-parametric tests were used. For pairwise comparisons between control and
ELS groups, one-tailed unpaired t tests were used. The non-parametric equivalent, Mann Whitney test was
used when the data failed the normality test. Where comparisons were made between multiple groups, one-way
ANOVA was performed, and when statistical significance between groups was obtained, the Sidak’s multiple
comparisons post-hoc test was performed. The non-parametric equivalent of the one-way ANOVA used was the
Kruskal-Wallis test, followed by the Dunn’s multiple comparisons post-hoc test.

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author
upon reasonable request. Cartoon diagrams in Fig. 1a and Fig. S1b were drawn in our lab.

Received: 22 March 2022; Accepted: 7 July 2022
Published online: 27 July 2022

References

1. Luby, J.L,, et al. Neurodevelopmental optimization after early-life adversity: Cross-species studies to elucidate sensitive periods
and brain mechanisms to inform early intervention. Trends Neurosci 43(10), 744-751. https://doi.org/10.1016/j.tins.2020.08.001
(2020).

2. Reh, RK, et al. Critical period regulation acrossmultiple timescales. in Proceedings of the National Academy of Sciences of the
United States of America. 2020, National Academy of Sciences, 23242-23251.

3. Cowan, C.S.M,, et al. The lasting impact of early-life adversity on individuals and their descendants: Potential mechanisms and
hope for intervention. Genes Brain Behav. 15(1), 155-168. https://doi.org/10.1111/gbb.12263 (2016).

4. Lahdepuro, A., et al. The impact of early life stress on anxiety symptoms in late adulthood. Sci. Rep. 9(1), 4395. https://doi.org/10.
1038/541598-019-40698-0(2019).

Scientific Reports |

(2022) 12:12826 | https://doi.org/10.1038/s41598-022-16257-5 nature portfolio


https://www.flir.com/support-center/iis/machine-vision/downloads/spinnaker-sdk-flycapture-and-firmware-download/
https://www.flir.com/support-center/iis/machine-vision/downloads/spinnaker-sdk-flycapture-and-firmware-download/
http://www.graphpad.com
https://doi.org/10.1016/j.tins.2020.08.001
https://doi.org/10.1111/gbb.12263
https://doi.org/10.1038/s41598-019-40698-0
https://doi.org/10.1038/s41598-019-40698-0

www.nature.com/scientificreports/

5. Taylor, S.E. Mechanisms linking early life stress to adult health outcomes. in Proceedings of the National Academy of Sciences of the
United States of America, 8507-8512. (2010).

6. Chen, Y, et al. Tuning synaptic transmission in the hippocampus by stress: The CRH system. Front. Cell. Neurosci. 6(13), 1-7
(2012).

7. Elliott, E., et al. Resilience to social stress coincides with functional DNA methylation of the Crf gene in adult mice. Nat. Neurosci.
13(11), 1351-1353. (2010).

8. McGowan, P.O,, et al. Epigenetic regulation of the glucocorticoid receptor in human brain associates with childhood abuse. Nat.
Neurosci. 12(3), 342-348. https://doi.org/10.1038/nn.2270 (2009).

9. Murgatroyd, C., et al. Dynamic DNA methylation programs persistent adverse effects of early-life stress. Nat. Neurosci. 12(12),
1559-1566. (2009).

10. Weaver, I.C.G. et al. Early environmental regulation of hippocampal glucocorticoid receptor gene expression: Characterization of
intracellular mediators and potential genomic target sites. Ann. NY Acad Sci. 1024, 182-212 (2004).

11. Fabricius, K., Wortwein, G. & Pakkenberg. B. The impact of maternal separation on adult mouse behaviour and on the total neuron
number in the mouse hippocampus. Brain Struct. Funct. 212(5), 403-416 (2008).

12. Farrell, M.R,, et al. Sex-specific effects of early life stress on social interaction and prefrontal cortex dendritic morphology in young
rats. Behav. Brain Res. 310, 119-125. https://doi.org/10.1016/j.bbr.2016.05.009 (2016).

13. Korosi, A., et al. Early-life stress mediated modulation of adult neurogenesis and behavior. Behav. Brain Res. 227(2), 400-409.
https://doi.org/10.1016/j.bbr.2011.07.037 (2012).

14. Mirescu, C., Peters, ].D. & Gould, E. Early life experience alters response of adult neurogenesis to stress. Nat. Neurosci. 227(2),
400-409. https://doi.org/10.1016/j.bbr.2011.07.037 (2004).

15. Oomen, C.A,, et al. Severe early life stress hampers spatial learning and neurogenesis, but improves hippocampal synaptic plasticity
and emotional learning under high-stress conditions in adulthood. J. Neurosci. 30(19), 6635-6645 (2010).

16. Tanapat, P., Galea, L. A. M. & Gould, E. Stress inhibits the proliferation of granule cell precursors in the developing dentate gyrus.
Front Cell Neurosci. 6, 13. https://doi.org/10.3389/fncel.2012.00013 (1998).

17. Daun, K.A,, et al. Early maternal and social deprivation expands neural stem cell population size and reduces hippocampus/
amygdala-dependent fear memory. Front. Neurosci. 14, 22. https://doi.org/10.3389/fnins.2020.00022 (2020).

18. Youssef, M., et al. Early life stress delays hippocampal development and diminishes the adult stem cell pool in mice. Sci. Rep. 9(1),
4120. https://doi.org/10.1038/s41598-019-40868-0 (2019).

19. Clark, K.J., Boczek, N.J. & Ekker, S.C. Stressing zebrafish for behavioral genetics. Rev Neurosci. 22(1), 49-62. https://doi.org/10.
1515/RNS.2011.007 (2011).

20. Golla, A., @stby, H. & Kermen, F. Chronic unpredictable stress induces anxiety-like behaviors in young zebrafish. Sci. Rep. 10(1),
10339. https://doi.org/10.1038/s41598-020-67182-4 (2020).

21. Hartig, E.L, et al. Cortisol-treated zebrafish embryos develop into pro-inflammatory adults with aberrant immune gene regulation.
Biol Open. 5(8), 1134-1141. https://doi.org/10.1242/bi0.020065 (2016).

22. Cachat, ], et al. Measuring behavioral and endocrine responses to novelty stress in adult zebrafish. Nat. Protocols. 15(11), 786-1799
(2010).

23. Canavello, PR, et al. Chapter 11 measuring endocrine (cortisol) responses of zebrafish to stress. Zebrafish Neurobehav. Protocols.
51, 135-142 (2011).

24. Maximino, C,, et al. Fingerprinting of psychoactive drugs in zebrafish anxiety-like behaviors. PLoS ONE. 9(7), €103943 (2014).

25. Maximino, C,, et al. Measuring anxiety in zebrafish: A critical review. Behav. Brain Res. 214(2), 157-171 (2010).

26. Maximino, C,, et al. Scototaxis as anxiety-like behavior in fish. Nat. Protocols. 5(2), 209-216 (2010).

27. Agetsuma, M., et al. The habenula is crucial for experience-dependent modification of fear responses in zebrafish. Nat. Neurosci.
13(11), 1354-1356 (2010).

28. Duboué, E.R,, et al. Left habenular activity attenuates fear responses in larval zebrafish. Curr Biol. 27(14), 2154-2162.€3. https://
doi.org/10.1016/j.cub.2017.06.017 (2017).

29. Levin, E.D., Bencan, Z. & Cerutti. D.T. Anxiolytic effects of nicotine in zebrafish. Physiol. Behav. 90(1), 54-58 (2007).

30. Alsop, D. & Vijayan, M.M. Development of the corticosteroid stress axis and receptor expression in zebrafish. Am. J. Physiol.
Regulat. Integr. Comp. Physiol. 294(3), R711-9 (2008).

31. Steenbergen, P.J., et al. Methods to quantify basal and stress-induced cortisol response in larval zebrafish. Zebrafish Protocols
Neurobehav. Res. 66, 121-141 (2012).

32. Yeh, C.M,, Glock, M. & Ryu, S. An optimized whole-body cortisol quantification method for assessing stress levels in larval
zebrafish. PLoS ONE. 8(11), €79406 (2013).

33. Wilson, K.S,, et al. Early-life glucocorticoids programme behaviour and metabolism in adulthood in zebrafish. ] Endocrinol. 230(1),
125-142. https://doi.org/10.1530/JOE-15-0376 (2016).

34. Walker, C. Haploid screens and gamma-ray mutagenesis. Methods Cell Biol. 60, 43-70. https://doi.org/10.1016/s0091-679x(08)
61893-2 (1998).

35. Facchin, L. et al. Disruption of epithalamic left-right asymmetry increases anxiety in zebrafish. J. Neurosci. 35(48), 15847-15859
(2015).

36. Goldman-Mellor, S., Hamer, M. & Steptoe, A. Early-life stress and recurrent psychological distress over the lifecourse predict
divergent cortisol reactivity patterns in adulthood. Psychoneuroendocrinology. 37(11), 1755-1768. https://doi.org/10.1016/j.psyne
uen.2012.03.010 (2012).

37. Heim, C,, et al. Pituitary-adrenal and automatic responses to stress in women after sexual and physical abuse in childhood. JAMA.
284(5), 592-597. https://doi.org/10.1001/jama.284.5.592 (2000).

38. Pesonen, A.K,, et al. Childhood separation experience predicts HPA axis hormonal responses in late adulthood: A natural experi-
ment of World War II. Psychoneuroendocrinology. 35(5), 758-767. https://doi.org/10.1016/j.psyneuen.2009.10.017 (2010).

39. Tyrka, A.R,, et al. Childhood parental loss and adult hypothalamic-pituitary-adrenal function. Biol. Psychiatry. 63(12), 1147-1154
(2008).

40. Chandrasekar, G., Lauter, G. & Hauptmann. G. Distribution of corticotropin-releasing hormone in the developing zebrafish brain.
J. Comp. Neurol. 505(4), 337-351 (2007).

41. Bury, N.R. & Sturm, A. Evolution of the corticosteroid receptor signalling pathway in fish. General Comp. Endocrinol. 153(1-3),
47-56. https://doi.org/10.1016/j.ygcen.2007.03.009(2007).

42. Bruni, G., Lakhani, P. & Kokel, D. Discovering novel neuroactive drugs through high-throughput behavior-based chemical screen-
ing in the zebrafish. in Front Pharmacol. 5, 153. https://doi.org/10.3389/fphar.2014.00153 (2014).

43. Kokel, D,, et al. Rapid behavior-based identification of neuroactive small molecules in the zebrafish. Nat Chem Biol. 6(3), 231-237.
https://doi.org/10.1038/nchembio.307 (2010).

44. White, D.T,, et al. ARQiv-HTS, a versatile whole-organism screening platform enabling in vivo drug discovery at high-throughput
rates. in Nature Protocols, 2432-2453. (Nature Publishing Group, 2016).

45. Axelrod, L. Glucocorticoid therapy. Medicine (Baltimore). 55(1), 39-65. https://doi.org/10.1097/00005792-197601000-00003 (1976).

46. Brookes, J.C, et al. System among the corticosteroids: Specificity and molecular dynamics. J. R. Soc. Interface. 9(66), 43-53. https://
doi.org/10.1098/rsif.2011.0183 (2012).

Scientific Reports|  (2022) 12:12826 | https://doi.org/10.1038/s41598-022-16257-5 nature portfolio


https://doi.org/10.1038/nn.2270
https://doi.org/10.1016/j.bbr.2016.05.009
https://doi.org/10.1016/j.bbr.2011.07.037
https://doi.org/10.1016/j.bbr.2011.07.037
https://doi.org/10.3389/fncel.2012.00013
https://doi.org/10.3389/fnins.2020.00022
https://doi.org/10.1038/s41598-019-40868-0
https://doi.org/10.1515/RNS.2011.007
https://doi.org/10.1515/RNS.2011.007
https://doi.org/10.1038/s41598-020-67182-4
https://doi.org/10.1242/bio.020065
https://doi.org/10.1016/j.cub.2017.06.017
https://doi.org/10.1016/j.cub.2017.06.017
https://doi.org/10.1530/JOE-15-0376
https://doi.org/10.1016/s0091-679x(08)61893-2
https://doi.org/10.1016/s0091-679x(08)61893-2
https://doi.org/10.1016/j.psyneuen.2012.03.010
https://doi.org/10.1016/j.psyneuen.2012.03.010
https://doi.org/10.1001/jama.284.5.592
https://doi.org/10.1016/j.psyneuen.2009.10.017
https://doi.org/10.1016/j.ygcen.2007.03.009
https://doi.org/10.3389/fphar.2014.00153
https://doi.org/10.1038/nchembio.307
https://doi.org/10.1097/00005792-197601000-00003
https://doi.org/10.1098/rsif.2011.0183
https://doi.org/10.1098/rsif.2011.0183

www.nature.com/scientificreports/

47.

48.

49.

50.

Monaghan, P, et al. For better or worse: Reduced adult lifespan following early-life stress is transmitted to breeding partners. in
Proceedings of the Royal Society B: Biological Sciences, 709-714. (Royal Society, 2012).

Fontana, B. D. et al. Chronic unpredictable early-life stress (CUELS) protocol: Early-life stress changes anxiety levels of adult
zebrafish. Prog. Neuropsychopharmacol. Biol. Psychiatry 108, 110087 (2021).

Alsop, D. & Vijayan, M. The zebrafish stress axis: Molecular fallout from the teleost-specific genome duplication event. General
Comp. Endocrinol. 161(1), 62-66 (2009).

Alsop, D. & Vijayan, M.M. Molecular programming of the corticosteroid stress axis during zebrafish development. Comp. Biochem.
Physiol. Mol. Integr. Physiol. 153(1), 49-54. https://doi.org/10.1016/j.cbpa.2008.12.008 (2009).

51. Chapman, D.P, et al. Adverse childhood experiences and the risk of depressive disorders in adulthood. J. Affective Disord. 82(2),
217-225 (2004).

52. Fogelman, N. & Canli, T. Early life stress, physiology, and genetics: A review. Front Psychol. 10, 1668. https://doi.org/10.3389/fpsyg.
2019.01668 (2019).

53. Gluckman, P.D,, et al. Effect of in utero and early-life conditions on adult health and disease. N Engl ] Med. 359(1), 61-73. https://
doi.org/10.1056/NEJMra0708473 (2008).

54. Ridder, S., et al. Mice with genetically altered glucocorticoid receptor expression show altered sensitivity for stress-induced depres-
sive reactions. ] Neurosci. 25(26), 6243-6250. https://doi.org/10.1523/JNEUROSCI.0736-05.2005 (2005).

55. Wei, Q,, et al. Glucocorticoid receptor overexpression in forebrain: A mouse model of increased emotional lability. Proc Natl Acad
Sci US A. 101(32), 11851-1186. https://doi.org/10.1073/pnas.0402208101 (2004).

56. Fontana, B.D., et al. Moderate early life stress improves adult zebrafish (Danio rerio) working memory but does not affect social
and anxiety-like responses. Dev Psychobiol. 63(1), 54-64. https://doi.org//dev.21986 (2020).

57. Castillo-Ramirez, L.A., S. Ryu, & R.J. De Marco. Active behaviour during early development shapes glucocorticoid reactivity. Sci
Rep. 9(1), 12796. https://doi.org/10.1038/s41598-019-49388-3 (2019).

58. Best, C. & Vijayan, M. M. Cortisol elevation post-hatch affects behavioural performance in zebrafish larvae. Gen. Comp. Endocrinol.
257,220-226 (2018).

59. Hall, Z.]. & V. Tropepe. Movement maintains forebrain neurogenesis via peripheral neural feedback in larval zebrafish. Elife. 7
(2018).

60. Fontana, B. D. et al. The impact of chronic unpredictable early-life stress (CUELS) on boldness and stress-reactivity: Differential
effects of stress duration and context of testing. Physiol. Behav. 240, 113526 (2021).

61. de Abreu, MLS,, et al. Zebrafish as a model of neurodevelopmental disorders. in Neuroscience 445, 3-11. https://doi.org/10.1016/j.
neuroscience.2019.08.034 (2020).

62. Patton, E.E. & Zon, L.I. The art and design of genetic screens: zebrafish. Nat. Rev. Genet. 2(12), 956-966. https://doi.org/10.1038/
35103567 (2001).

63. Friedrich, R. W, Genoud, C. & Wanner, A. A. Analyzing the structure and function of neuronal circuits in zebrafish. Front. Neural
Circ. https://doi.org/10.3389/fncir.2013.00071 (2013).

64. Friedrich, R.W,, Jacobson, G.A. & Zhu, P. Circuit neuroscience in zebrafish. Curr. Biol. 20(8), R371-81 (2010).

65. Ahrens, M., et al. Brain-wide neuronal dynamics during motor adaptation in zebrafish. Nature. 485(7399), 471-477 (2012).

66. Ahrens, M.B. & Engert, F. Large-scale imaging in small brains. Curr. Opin. Neurobiol. 32, 78-86 (2015).

67. Muto, A., et al. Real-time visualization of neuronal activity during perception. Curr. Biol. 23(4), 307-311 (2013).

68. Muto, A., et al. Genetic visualization with an improved GCaMP calcium indicator reveals spatiotemporal activation of the spinal
motor neurons in zebrafish. in Proceedings of the National Academy of Sciences of the United States of America, 5425-5430. (National
Academy of Sciences, 2011).

69. Eachus, H.,, et al. Disrupted-in-schizophrenia-1 is essential for normal hypothalamic-pituitary-interrenal (HPI) axis function. in
Hum Mol Genet. 26(11), 1992-2005. https://doi.org/10.1093/hmg/ddx076 (2017).

70. Steenbergen, P. J., Richardson, M. K. & Champagne, D. L. The use of the zebrafish model in stress research. Prog. Neuropsychop-
harmacol. Biol. Psychiatry 35(6), 1432-1451 (2011).

71. Khor, Y. M., Soga, T. & Parhar, I. S. Caffeine neuroprotects against dexamethasone-induced anxiety-like behaviour in the Zebrafish
(Danio rerio). Gen. Comp. Endocrinol. 181, 310-315 (2013).

72. Kumari, Y. et al. Melatonin receptor agonist Piper betle L. ameliorates dexamethasone-induced early life stress in adult zebrafish.
Exp. Ther. Med. 18(2), 1407-1416 (2019).

73. Groneberg, A. H. et al. Early-life social experience shapes social avoidance reactions in larval zebrafish. Curr. Biol. 30(20), 4009-
4021.e4 (2020).

74. Tunbak, H., et al. Whole-brain mapping of socially isolated zebrafish reveals that lonely fish are not loners. Elife. 9 (2020).

75. Schmidt, M.V. Stress-hyporesponsive period. Fink, George. Stress: Physiology, Biochemistry, and Pathology: Handbook of Stress
Series, Vol. 3 (2019).

76. Schmidt, M.V., Wang, X.D. & Meijer, O.C. Early life stress paradigms in rodents: Potential animal models of depression? Psychop-
harmacology. 214(1), 131-140. https://doi.org/10.1007/s00213-010-2096-0 (2011).

77. Levine, S. Primary social relationships influence the development of the hypothalamic—pituitary-adrenal axis in the rat. Physiol.
Behav. 73(3), 255-260 (2001).

78. Levine, S. Developmental determinants of sensitivity and resistance to stress. Psychoneuroendocrinology 30(10), 939-946 (2005).

79. Krug, R.G,, et al. A transgenic zebrafish model for monitoring glucocorticoid receptor activity. Genes Brain Behav. 13(5):478-87.
https://doi.org/10.1111/gbb.12135 (2014).

80. de Kloet, E.R,, et al. Brain corticosteroid receptor balance in health and disease. Endocr Rev. 19(3), 269-301. https://doi.org/10.
1210/edrv.19.3.0331 (1998).

81. Kitraki, E., et al. Gender-dependent alterations in corticosteroid receptor status and spatial performance following 21 days of
restraint stress. Neuroscience 125(1), 47-55. https://doi.org/10.1016/j.neuroscience.2003.12.024 (2004).

82. deKloet, E.R,, et al. Importance of the brain corticosteroid receptor balance in metaplasticity, cognitive performance and neuro-
inflammation. Front Neuroendocrinol. 49, 124-145. https://doi.org/10.1016/j.yfrne.2018.02.003(2018).

83. Schaaf, M. . et al. Discovery of a functional glucocorticoid receptor beta-isoform in zebrafish. Endocrinology 149(4), 1591-1599
(2008).

84. Bamberger, C. M. et al. Glucocorticoid receptor beta, a potential endogenous inhibitor of glucocorticoid action in humans. J. Clin.
Invest. 95(6), 2435-2441 (1995).

85. Dinarello, A. et al. Glucocorticoid receptor activities in the zebrafish model: A review. J. Endocrinol. 247(3), R63-R82 (2020).

86. Joéls, M. & E.R. de Kloet. Effect of corticosteroid hormones on electrical activity in rat hippocampus. J Steroid Biochem Mol Biol.
40(1-3), 83-86. https://doi.org/10.1016/0960-0760(91)90170-a (1991).

87. Joels, M., W. Hesen, & E.R. De Kloet. Mineralocorticoid hormones suppress serotonin-induced hyperpolarization of rat hip-
pocampal CA 1 neurons. ] Neurosci., 11(8), 2288-2294. https://doi.org/10.1523/J]NEUROSCI.11-08-02288.1991 (1991).

88. Macleod, M.R,, et al. Mineralocorticoid receptor expression and increased survival following neuronal injury. Eur. J. Neurosci.
17(8), 1549-1555 (2003).

89. McCullers, D.L. & J.P. Herman. Mineralocorticoid receptors regulate bcl-2 and p53 mRNA expression in hippocampus. in Neu-
roreport. 9(13), 3085-3089. https://doi.org/10.1097/00001756-199809140-00031 (1998).

Scientific Reports |  (2022) 12:12826 | https://doi.org/10.1038/s41598-022-16257-5 nature portfolio


https://doi.org/10.1016/j.cbpa.2008.12.008
https://doi.org/10.3389/fpsyg.2019.01668
https://doi.org/10.3389/fpsyg.2019.01668
https://doi.org/10.1056/NEJMra0708473
https://doi.org/10.1056/NEJMra0708473
https://doi.org/10.1523/JNEUROSCI.0736-05.2005
https://doi.org/10.1073/pnas.0402208101
https://doi.org/10.1002/dev.21986
https://doi.org/10.1038/s41598-019-49388-3
https://doi.org/10.1016/j.neuroscience.2019.08.034
https://doi.org/10.1016/j.neuroscience.2019.08.034
https://doi.org/10.1038/35103567
https://doi.org/10.1038/35103567
https://doi.org/10.3389/fncir.2013.00071
https://doi.org/10.1093/hmg/ddx076
https://doi.org/10.1007/s00213-010-2096-0
https://doi.org/10.1111/gbb.12135
https://doi.org/10.1210/edrv.19.3.0331
https://doi.org/10.1210/edrv.19.3.0331
https://doi.org/10.1016/j.neuroscience.2003.12.024
https://doi.org/10.1016/j.yfrne.2018.02.003
https://doi.org/10.1016/0960-0760(91)90170-a
https://doi.org/10.1523/JNEUROSCI.11-08-02288.1991
https://doi.org/10.1097/00001756-199809140-00031

www.nature.com/scientificreports/

90. Sapolsky, R.M., Packan, D.R. & Vale, W.W. Glucocorticoid toxicity in the hippocampus: in vitro demonstration. Brain Res. 453(1-
2),367-371 (1988).

91. Woolley, C.S., Gould, E. & Mcewen, B.S. Exposure to excess glucocorticoids alters dendritic morphology of adult hippocampal
pyramidal neurons. Brain Res. 531(1-2), 225-231. https://doi.org/10.1016/0006-8993(90)90778-a (1990).

92. Woolley, C.S., et al. Effects of aldosterone or RU28362 treatment on adrenalectomy-induced cell death in the dentate gyrus of the
adult rat. Brain Res. 554(1-2), 312-315. 10.1016/0006-8993(91)90207-c (1991).

93. Goto, M. et al. In humans, early cortisol biosynthesis provides a mechanism to safeguard female sexual development. J. Clin. Invest.
116(4), 953-960 (2006).

94. Van Os, J. & Selten, J.P. Prenatal exposure to maternal stress and subsequent schizophrenia. The May 1940 invasion of The Neth-
erlands. Br. J. Psychiatry. 172, 324-326. https://doi.org/10.1192/bjp.172.4.324 (1998).

95. Mueller, T., et al. The dorsal pallium in zebrafish, Danio rerio (Cyprinidae, Teleostei). Brain Res. 1381, 95-105 (2011).

96. Heisenberg, C.P, et al. Genes involved in forebrain development in the zebrafish, Danio rerio. Development. 123, 191-203. https://
doi.org/10.1242/dev.123.1.191 (1996).

97. Boulanger-Weill, . & G. Sumbre. Functional integration of newborn neurons in the zebrafish optic tectum. Front Cell Dev Biol. 7,
57. https://doi.org/10.3389/fcell.2019.00057 (2019).

98. Thomas Pietri, A. & Romano, S.A. The emergence of the spatial structure of tectal spontaneous activity is independent of visual
inputs. Cell Rep. 19(5), 939-948 (2017).

99. Kilkenny, C. et al. Improving bioscience research reporting: the ARRIVE guidelines for reporting animal research. PLoS Biol. 8(6),
€1000412 (2010).

Author contributions

Experiments were performed by JSRC, TANP and LTA. Data was analyzed by JSRC and ERD. All experiments
were designed by JSRC ACK and ERD. JSRC and ERD oversaw all work and analysis. JSRC, ERD and ACK wrote
the manuscript with input from all authors.

Funding
This study was funded by grants from the National Institute of Mental Health (IR15MH118625-01), the Bina-
tional Science Foundation (BSF2019262), and Jupiter Life Science Initiative.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-16257-5.

Correspondence and requests for materials should be addressed to E.R.D.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:12826 | https://doi.org/10.1038/s41598-022-16257-5 nature portfolio


https://doi.org/10.1016/0006-8993(90)90778-a
https://doi.org/10.1016/0006-8993(91)90207-c
https://doi.org/10.1192/bjp.172.4.324
https://doi.org/10.1242/dev.123.1.191
https://doi.org/10.1242/dev.123.1.191
https://doi.org/10.3389/fcell.2019.00057
https://doi.org/10.1038/s41598-022-16257-5
https://doi.org/10.1038/s41598-022-16257-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Long lasting anxiety following early life stress is dependent on glucocorticoid signaling in zebrafish
	Results
	Zebrafish subjected to ELS have increased anxiety-like behaviors as juveniles. 
	Increased stress responses are accompanied by increases in basal cortisol levels and expression of stress-related pathway genes. 
	Enhanced stress following pharmacological activation of the cortisol pathway. 
	A critical window for increased anxiety following ELS associates with HPI development. 

	Discussion
	A new model of ELS. 
	The role of GR in enhanced stress following ELS. 
	Neurodevelopmental implications of ELS in zebrafish. 

	Conclusions
	Material and methods
	Ethics statement. 
	Animal care. 
	ELS paradigm. 
	Pharmacological induction of ELS. 
	Larval shock assay. 
	Novel tank test. 
	Cortisol measurements. 
	Quantitative gene expression analysis of HPI axis genes. 
	Quantification and statistical analysis. 

	References


